[1] Red snow caused by algal bloom is common on glaciers and snowfields worldwide. Description of spatial distributions of snow algal blooms is important for understanding snow algae's unique life in an extremely cold environment and for determining the effect of algae through the reduction of surface albedo. Here we present the spatial distribution of red snow algae on the Harding Icefield, Alaska retrieved from a satellite image. Field observations on the icefield conducted in August 2001 revealed visible red snow, particularly near the snowline. Field measurements of spectral reflectance on the surface revealed the specific spectral absorption of algal pigments. We found a significant correlation between snow algal biomass and a reflectance ratio of SPOT (Satellite Probatoire d' Observation de la Terre) satellite band of wavelength 610 -680 nm to band 500-590 nm. Using this relationship between the reflectance ratio and algal biomass, we estimated the distribution and abundance of red snow across the icefield using a SPOT satellite image. The spatial distribution of red snow on the icefield obtained by mapping the reflectance ratio matched field observations across the icefield with more red algal blooms on the continental than the maritime side of the icefield. Area averaged mean carbon content estimated from the red algal biomass for the icefield on the image was 1.2 kg km À2 .
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Introduction
[2] Red or ''watermelon'' snow is a common phenomenon on thawing snow surfaces from spring through summer. Caused by blooms of snow algae (Chlorophyta or green algae, usually Chlamydomonas nivalis), which are coldtolerant microbes growing on snow and ice, red snow has been reported on snow fields and glaciers from many parts of the world [e.g., Hoham and Duval, 2001] . The red color is due to carotenoid pigments in the algal cells. These pigments are considered to be protection against strong solar radiation on the snow surface [e.g., Bidigare et al., 1993] . Snow algae represent primary producers in most glacial ecosystems [e.g., Goodman, 1971; Kohshima, 1987 Kohshima, , 1994 Hoham and Duval, 2001] . They sustain cold-tolerant animal and bacterial communities on snow fields and glaciers. For example, snow algae sustain ice worms and collembola living on North American glaciers and midges and copepods on Himalayan glaciers [e.g., Goodman, 1971; Shain et al., 2001; Kohshima, 1994] . Basic information about snow algae populations, such as their geographic distribution and seasonal change, is important for understanding their unique ecology in the extremely cold environments they inhabit. However, such information on snow algae is still limited, although taxonomic and physiological studies of snow algae are more extensive (reviewed by Hoham and Duval [2001] ).
[3] Snow algae also have geophysically important effects. Blooms of snow algae can reduce the surface albedo and so increase melting of snow and ice [Thomas and Duval, 1995; Hoham and Duval, 2001] . For example, some glaciers in the Himalayas are extensively covered by cryoconite, a dark-colored biogenic material derived from snow algae and bacteria [Kohshima et al., 1993; Takeuchi et al., 2001] . The albedo of surfaces bearing intact cryoconite has been shown to be substantially lower than surfaces from which the cryoconite was experimentally removed (5% with cryoconite versus 37% without). The melting rates of the intact surfaces were reported as three times larger than that of the surfaces without the cryoconite [Kohshima et al., 1993] . Thus, geographical distribution of snow algae is important to evaluate their effect on melting of snow and ice which has important downstream ramifications for flooding and water supply.
[4] Remote sensing could be useful for investigating the spatial distribution of snow algae and for quantifying their abundance over a large area of snowfields and glaciers. Painter et al. [2001] quantified snow algae from a small snow-covered area in the Sierra Nevada Mountains using images from an airborne spectrometer. Many other studies have used satellite-derived surface reflectance on glaciers to characterize their surfaces [e.g., Dozier and Painter, 2004] with Hall et al. [1990] noting that the presence of snow algae affected satellite derived reflectance on a glacier; however, estimates of snow algae abundance on a glacier using satellite images have not previously been made. Using satellite images could provide information on the distribution and abundance from extensive areas of snowfields and glaciers from around the world.
[5] Here we estimate the spatial distribution and abundance of a red-pigmented snow algae on the Harding Icefield in Alaska using a satellite image. We conducted in situ field measurements to investigate the relationship between abundance and spectral reflectance of algal snow. We used the relationship to estimate the distribution of algae across the entire icefield covered by a SPOT multi-spectral satellite image.
Study Site and Methods
[6] The Harding Icefield is located on the Kenai Peninsula, south-central Alaska and is one of the larger icefields found there (Figure 1 ). The icefield is approximately 80 km long (northeast-southwest) and 50 km wide with a total area of 1800 km 2 . At least 38 glaciers flow from the icefield, seven of them tidewater glaciers flowing eastward into the Pacific Ocean. Recent changes in icefield volume have been estimated by Adalgeirsdöttir et al. [1998] and Hall et al. [2005] who showed dramatic shrinkage from the 1950s to 2000s. The Harding Icefield was selected for this study because its size is large enough to examine on a SPOT multi-spectral satellite image with a spatial resolution of 20 Â 20 m and is easily accessible for field observations. The upper plateau of the icefield can be reached via a 5 km trekker's trail, maintained by the Kenai Fjords National Park along the Exit Glacier and located at the icefield's northeast corner (Figure 1 ).
[7] Field work was carried out on the northeast corner of the Harding Icefield in August, 2001. Snow sample collections and measurements of spectral reflectance were carried out at five sites along an unnamed glacier (Sites S1-S5 in Figure 1 ) here referred to as ''East Skilak Glacier''. The glacier and icefield surface conditions were mostly uniform with few crevasses. Surface snow or ice was thawing at all of the study sites. Biomass of snow algae at the study sites was quantified in a laboratory using snow samples with the algal biomass in the samples represented as cell volume per unit snow surface area. Cell counts and estimations of cell volume were conducted with an optical microscope (Nikon E600). After melting, 10-200 mL of the sample snow meltwater was filtered through a hydrophilized PTFE membrane filter (pore size 0.5 mm, Advantec, H020A013A). The number of algae on the filter was counted (1 -3 lines on the filter). The filtered water samples were used to estimate the cell concentration as cells mL
À1
. Mean cell volume was estimated by measuring the size of 50-100 cells for each species. The algal biomass of each species was calculated by multiplying the mean cell volume (mm 3 ) by the algal concentration (cells mL À1 ).
[8] Spectral reflectances both in visible and near infrared range of wavelength (350-1050 nm) were measured on the glacial surface with a portable spectroradiometer (FieldSpec Pro VNIR, Analytical Spectral Devices, USA). Measurements were taken using the sensor at a height of approximately 20 cm above the surface of the ice or snow with the instrument in the nadir viewing position. Measurements made at this height provided an 8.9 cm spot diameter on the snow or ice surface. The reflectances were obtained by dividing the surface radiances by the radiances acquired from a white reference panel, which is nearly 100% reflective and diffuse. Measurements of the white panel were made immediately before and after each surface measurement. Spectral reflectances were measured at five surfaces randomly selected at each site. The mean of the five surfaces at a given site constituted the reflectance at that site.
[9] The satellite image used in this study was acquired over the Harding Icefield on 5 September 1995 by the HRV-XS sensor of SPOT-3 satellite. Unfortunately, neither SPOT nor Landsat satellite images acquired over the area during the same time as our field measurements in August 2001 were available because of visibility and timing. The image used in this study was selected for its cloud-free view of the icefield in late summer, the same season as our field measurements. Although the date of acquisition was six years prior to our field observations, spatial distribution of red snow is likely very similar to that during our field measurements for two reasons. First, the red snow phenomenon usually occurs each summer near snowline on Alaska glaciers [Takeuchi, 2001; N. Takeuchi, unpublished data, 2001] and generally recurs at the same locations year after year on snowfields in general [Hoham and Duval, 2001] . Second, the location of snowline on the 1995 image roughly coincides with the snowline during the 2001 measurements.
Results and Discussion

Field Observations of Snow Algae and Spectral Reflectance
[10] Substantial areas of the glaciers and Harding Icefield were covered in red snow during our field investigation. Visible red snow generally covered the snow surface near the snowline (Figure 1 ). The red snow surface was approximately 1100 m a.s.l. and was rarely observed on the surface above this elevation. At the sampling sites on the East Skilak Glacier, red snow was visible at site S2, but not at site S1. On the ice surfaces at sites S3, S4, and S5, we did not observe visible red color.
[11] Microscopy of red snow samples confirmed that the color was due to the red pigmented cells of snow algae (Figure 2 ). The species of the alga is likely to be Chlamydomonas cf. nivalis, as no other species were [Müller et al., 1998 ].
[12] During our field work, ice worms (Mesenchytraeus solifugus) were observed on both snow and ice surface including all of the study sites. They were particularly abundant on the red snow surface and were likely feeding on the algae [Goodman, 1971] . The ice worms usually appeared only from evening to morning on the surface.
[13] The spatial distribution of red snow observed is consistent with that reported on other glaciers in Alaska. Takeuchi [2001] showed that several species of snow algae inhabited snow and ice surface on an Alaska Range glacier, with red snow due to an alga, Chlamydomonas nivalis, abundant on the snow surface near snowline. Red snow on the icefield also tended to occur on the snow surface near snowline. This abundance of algae at the snowline is likely due to sufficient liquid water in the snow there.
[14] Measurements of spectral reflectance on the study sites showed variable spectral reflectances on the glacial surface. The reflectance of red snow surface (site S2) showed a unique spectrum. The spectrum had absorptions in the regions of 400-600 nm and 670-680 nm ( Figure 3) . As shown by Painter et al. [2001] , these absorptions are due to algal pigments. The absorption in 400-600 nm is due to carotenoids and chlorophylls and that in 670 -680 nm is due to chlorophylls of snow algae. On the other hand, the spectral reflectance of the white snow surface (site S1) showed a typical wet snow spectrum. The reflectance gradually decreased with wavelength as shown by Warren [1982] . As expected, the spectral reflectances on ice surfaces (sites S3, S4, S5) showed a lower reflectivity than the white snow surface. The reflectances on the ice surfaces decreased more steeply with wavelength than reflectances on the snow surface, and, like the white snow surface, lacked the signature of algal pigment absorption at the shorter wavelengths.
[15] Uniqueness of the reflectance on red snow surfaces can be seen in the difference between the two regions of SPOT satellite bands: band 1 in the range of 500 -590 nm and band 2 in the range of 610-680 nm. On the red snow surface (S2), the reflectance of the band 2 region was higher than that of the band 1 region, due to carotenoid absorption of the spectrum in band 1; in contrast, the reflectance of the band 2 region was lower than that of the band 1 region on the other, non-red surfaces (Figure 3) . Thus, the ratio of reflectance between these two bands (band ratioing) could be useful to detect red algal snow on SPOT satellite images.
[16] Painter et al. [2001] used the region of chlorophyll absorption to quantify snow algal biomass with an airborne imaging spectrometer, because chlorophyll absorption is uniquely biological, whereas the carotenoid feature (400-600 nm) resembles the effect of dirt on the reflectance of snow [e.g., Warren and Wiscombe, 1980] . However, the resolution of wavelength for satellite bands is too coarse to use for the narrow range of chlorophyll (airborne spectrometers have high resolution of wavelength, enabling detection of chlorophyll). Therefore, using the carotenoid range is the only reflectance method to quantify algae with SPOT satellite images. Microscopy of red snow samples showed that insoluble contaminants in the snow were mainly snow algal cells and that volume of dust particles in the sample was much less than algae. Thus, the reflectance feature in the region can be regarded as snow algae on this icefield.
[17] The ratio of mean reflectance in the band 2 region to that in the band 1 was significantly correlated with algal biomass obtained from a snow sample of the surface. Figure 4 plots algal biomass as a function of the band ratio for the 10 samples taken in the snow area of the icefield including sites S1 and S2. The Pearson correlation coefficient between biomass and the reflectance ratio was high and significant (r = 0.970, n = 10, P < 0.001). This significant and strong positive correlation between the ratio and algal biomass suggests that the spatial distribution and biomass of red algae across the Harding Icefield could be extracted from a SPOT image of the icefield. Since band ratioing suppresses brightness variations due to topographic relief and enhances subtle spectral variations, the ratioing would appear to be an effective method to discern algal snow across a satellite image.
Distribution and Abundance of Snow Algae Derived From SPOT Satellite Image
[18] Spatial distribution of algal snow was derived from reflectances of bands 1 and 2 of SPOT HRV-XS image on the basis of the relationship between algal biomass and ratio of reflectances of two wavelength regions ( Figure 5 ). The band ratio of most pixels in the ice area on the icefield were less than 1, indicating reflectance of band 2 region was less than that of band 1 region. This is consistent with the field spectral measurements on the ice surface. The band ratio of most pixels in the snow area ranged from 0.98 to 1.05. Profile of the band ratio along the East Skilak Glacier showed a prominent peak in the band ratio near snow line (Pixels no. 540-640 in Figure 5b ). This area coincides with the area where substantial red snow was observed from field sampling. The red snow feature in the reflectance spectrum was substantial at site S2 (located near the snowline), but was not observed at sites away from the snowline (Figure 3 ). Figure 5 shows the surface where reflectance ratio was more than 1.02 as bright red, which is likely to be a visibly red snow surface. The red snow area recognized visibly along the expedition's trail on the upper Lowell Glacier and the upper part of the unnamed glacier west of Skilak Glacier of Figure 1 also roughly coincides with the area of high band ratio on the satellite image in Figure 5a . Thus, the band ratioing on the SPOT satellite image appears to be a viable method to obtain spatial distribution of red algal snow on the icefield.
[19] Band ratioing on the SPOT image on the icefield showed a notable spatial distribution of the red snow. Field observations showed the red snow tended to occur on the snow surface near the snowline in the northern part of the icefield. The satellite image showed that this is also true for the other outlet glaciers of the icefield, except the glaciers flowing eastward. For example, red snow appeared along the snow line on the glaciers located on the southwest side of the icefield (Figure 5a) . Also, the area of red snow tended to be more extensive in the northern part of the icefield compared with the southern part (Figure 5a ). It is also notable that there is little red snow on the glaciers flowing eastward. Distributions of large surface blooms conforming to this pattern have been observed during several expeditions across the icefield (R. Dial, unpublished data, 2001) . Lack of red snow on these eastern glaciers may be due to a geographic effect on snow chemistry, on snowfall itself, or on the steepness of these glaciers leaving little habitat for snow algae at their preferred elevation. The glaciers flowing eastward from the icefield face the Pacific Ocean and drop steeply to it. Thus, greater precipitation from prevailing weather or perhaps sea salt content may be higher on eastern glaciers due to aerosol transport from the ocean. High sea salt content may inhibit propagation of snow algae in this area. Alternatively or additionally, nutrient supply from terrestrial aerosols may promote growth of snow algae on the continental or west facing glaciers, glaciers which are also flatter. A large part of south-central icefield on this image was saturated (i.e., band 1 digital number = 255; Figure 5 ). This is probably due to a relatively drier condition of the snow surface because of the higher elevation in this area. Since the conditions for algal growth are generally worse at higher elevations due to snow depth, lack of water, or both, [e.g., Yoshimura et al., 1997; Takeuchi, 2001] , the appearance of red snow in this area is unlikely.
[20] On the basis of the relationship between algal biomass and the band ratio (Figure 4) , total algal biomass (B) on the icefield can be calculated using the band ratio (R) from the image with a regression as B = 1793 R À 1698.2 with R 2 = 0.9417. Residual standard deviation of the regression is 27.7 mL m . Based on the ratio of cell volume to carbon, (1 mL cell volume = 0.02 mg carbon [Fogg, 1967] ), the total carbon of snow algae on the icefield is 1.4 Â 10 3 kg and its areal average is 1.2 Â 10 À3 g C m
À2
. Painter et al. [2001] have calculated an areal biomass concentration of red snow algae as 3.3 Â 10 À2 g C m À2 on the snow-covered area of the Sierra Nevada in California by an airborne imaging spectrometer. Our result is much smaller than their biomass because it is an area averaged value including extensive regions with no red algae. Also, Painter et al. [2001] did not calculate their estimate from cell volume biomass but rather from cell number concentration in snow. The biomass concentration obtained in our study includes mostly the species of snow alga from the snow surface; however, there were several species of snow algae growing on the ice surface not detectable using this satellite image. Since their biomass was comparable to the red snow algae [Takeuchi, 2001] , the entire algal biomass on the icefield may be much more than -perhaps double -the estimate presented here based on red snow algae alone.
Conclusions
[21] We estimated the spatial distribution and abundance of the red snow algae on the Harding Icefield in Alaska from a SPOT satellite image on the basis of the strong correlation between the snow algal biomass and reflectance ratio of the two wavelength regions of the SPOT satellite bands (500 -590 nm and 610-680 nm). The area of the red snow (high band ratio) on the image agreed well with the area of red algal snow observed in the field, indicating that this method is a viable one to estimate the spatial distribution of red algal snow on the icefield. The satellite image showed a notable spatial distribution of the red snow surface: (1) the red snow tended to occur on the snow surface near snowline on the icefield, (2) the area of red snow was more extensive in the northern part of the icefield compared with the southern part, (3) there is little red snow on the glaciers flowing eastward. These spatial patterns may be due to geographic effects on snow chemistry, depth, or snow surface area at preferred elevations, although field validation is necessary to test these hypotheses. Based on a regression relationship between algal biomass and band ratio, total algal biomass on the icefield can be calculated at 1379 kg carbon for the 1150 km 2 of icefield on the image, or roughly 1.2 kg km À2 .
[22] Our results show that satellite images can provide a means to detect and quantify abundance of red snow algae in a large area of glaciers and snowfields. However, in most images acquired over glaciers and snow fields, pixels on their surface are often saturated due to high reflectance of snow and ice, particularly in the bands of shorter wavelength. Thus, only a few images suitable for evaluation of snow algal abundance and distribution are available. However, under appropriate conditions, analysis of the satellite images will promote our understanding of the ecology of snow algae and the biota that depend on them.
